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Abstract
Guided us by the scenario of weak scale naturalness and the possible existence of
exotic resonances, we have explored in a SO(5) Composite Higgs set-up the interplay
among three matter sectors: elementary, top partners and vector resonances. We
parametrise it through explicit interactions of spin-1 SO(4)-resonances, coupled to
the SO(5)-invariant fermionic currents and tensors presented thoroughly by the first
time in this work. Such invariants are built upon the Standard Model fermion sector
as well as top partners sourced by the unbroken SO(4). The mass scales entailed
by the top partner and vector resonance sectors will control the low energy effects
emerging from our interplaying model. Its phenomenological impact and parameter
spaces have been considered via flavour-dijet processes and electric dipole moments
bounds. Finally, the strength of the Nambu-Goldstone symmetry breaking and the
extra couplings implied by the top partner mass scales are measured in accordance
with expected estimations.
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electric dipole moment.
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1 Introduction
The Standard Model (SM) has been successfully and firmly established as a consistent
framework of electroweak symmetry breaking (EWSB) after the LHC’s Higgs discovery [1,
2], opening thus new windows for exploring BSM scenarios aimed at healing the long-
standing Hierarchy Problem. One of those alternatives postulates a Higgs particle emerging
from a strong composite sector at the TeV or slightly higher scale, being thus shielded
from the UV physics by its composite nature and distinguished from the other composite
resonances due to the Nambu-Goldstone (NG) symmetry. These features have shaped
the so-called Composite Higgs models (CHMs) [3–10, 14], where the measured value of
the Higgs mass demands the existence of lighter exotic resonances, concretely, colored
composite fermionic resonances with a mass below 2 TeV [15–20]. As a bonus, these CHMs
allow large number of New Physics (NP) signatures concerning direct production at the
LHC [21,22], as well as indirect NP probes, such as flavour and electroweak precision tests
(EWPT) observables [12]. Complementary, these models have been consistently armed
with exotic spin-0 and spin-1 resonances at the TeV scale, whose impact on the pseudo
NG bosons (PNGBs) scattering, and then on the high-energy vector boson scattering, have
been thoroughly studied [11].
Motivated by the challenging scenario of weak scale naturalness, the aim at this work is
to explore the low energy implications from the interplay among three matter sectors: ele-
mentary, composite partners and spin-1 resonances in a SO(5) CHM. We have parametrised
such interactions through couplings of the vector resonance ρ, here assumed to be spin-1
triplets of SU(2)L × SU(2)R, to a set of SO(5)-invariant fermionic currents and tensors
presented in this analysis. Such invariants cover all the structures built upon the SM ele-
mentary sector together with the top partners Ψ permitted by the unbroken SO(4). All
this matter content will frame four models, coupled each of them to the vector resonance ρ,
and with their low energy effects subsequently scanned along some regimes of the implied
NG boson scale.
The top partners and vector resonances will play a role below the cut-off of our theory at
the mass scales MΨ and mρ correspondingly. Low energy effects sourced by our interplaying
picture will be tackled by assuming the hierarchy MΨ < mρ. Via the associated equations
of motion (EOM) for ρ and Ψ, we will be led to obtain 4-fermion operators whose phe-
nomenological impact and parameter spaces will be considered via flavour-dijet processes
and EDM bounds. Parametric spaces implied by the coefficients weighting the current and
tensors were explored and turned out to be of sizeable order of magnitude. Finally, we will
be able to measure the strength of the NG symmetry breaking and the extra couplings
provided by the top partner mass scales, accordingly with theoretical expectations.
Top quark physics at CHMs have been extensively studied [17, 23, 24], with general
flavour physics analyses [25–27], considered in the shed light of top partner sectors [12],
whilst spin-0 and spin-1 resonances have been considered in CHMs [11] with updated
analysis [28,29]. Our discussion will be based on the previous studies [12,23], extended up
to a simple approach accounting for effective top partners-vector resonances interplay and
its low energy consequences.
This work is split into: CCWZ construction for the CHM and introduction of the
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composite fermions in Sections 2-3. Vector resonance sector and its couplings to the
elementary-composite sector in Sections 4-5.1. Low energy consequences, some flavour
and dijet bounds in Section 6. We briefly comment on the production channels for the top
partners and vector resonances in Section 7, finally summarising all the work in Section 8.
2 Elementary-composite sectors
The underlying CHM is made out of two sectors:
• The composite sector, containing the composite Higgs boson and other composite
resonances. The Higgs is introduced via the general CCWZ formalism [30] as a
PNGB of the minimal global symmetry G = SO(5) [10] and spontaneously broken
to SO(4) by the strong sector at the scale f . Four massless PNGBs are generated,
yielding thus an SU(2)L Higgs doublet
1. An additional U(1)X factor is introduced in
order to reproduce the proper SM hypercharge Y = T 3R+X, then G = SO(5)×U(1)X .
The PNGBs enter through the 5× 5 Goldstone matrix
U = exp
[
i
√
2
f
Πi T i
]
=
 I3 cos h+〈h〉f sin h+〈h〉f
− sin h+〈h〉
f
cos h+〈h〉
f
 , (2.1)
where T i are the coset SO(5)/SO(4)-generators, whilst Πi and f are the PNGB
fields and the decay constant respectively. Henceforth T i will stand for the coset
generators, while T a for the unbroken ones, all them defined in Appendix A.
• The elementary sector, containing copies of all the SM field sector except for the
Higgs transforming under the SM gauge symmetry group GSM ⊂ G. This sector is
not G invariant, therefore the one-loop effective potential triggered by the elementary-
composite interactions allows the Higgs to pick a mass, fixing thus its vacuum expec-
tation value (VEV) in a GSM-breaking direction.
The SM symmetry GSM = SU(2)L×U(1)Y is embedded into the unbroken SO(4)×U(1)X
and its breaking will be triggered via a non-zero Higgs VEV 〈h〉 ' v = 246 GeV, measuring
together with the SO(5) breaking scale f , the degree of tuning of the scalar potential
through the ratio [10]
ξ =
v2
f 2
. (2.2)
Generically, the value of f must be large to suppress NP effects, but not too far from v to
maintain a tolerable tuning. Since ξ controls low energies SM departures, then it cannot be
too large. Electroweak precision tests suggest ξ = {0.1, 0.2, 0.25} which corresponds to f ≈
{800, 550, 490}GeV and these will be the values to be tested in this work. More stringent
1Hence the Higgs is exactly massless unless the strong sector is coupled to some source of an explicit
G-breaking.
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constraints on ξ have been reported previously, following the current 95% combined limit
from direct production of either the charged ρ± or the neutral ρ0 at the LHC [31]. Those
limits allow ξ ∼ 0.02, or even smaller, for a vector resonance mass mρ ∼ 2 TeV. Such small
values might be directly tested through single Higgs production at the LHC, reaching larger
precision via double Higgs processes at CLIC2, and should be compared with indirect
bounds from EW precision data. In fact, by including only tree-level contributions to
∆Sˆ = m2W/m
2
ρ from the ρ exchange [11] and the 1-loop IR effect from the modified Higgs
couplings, it is possible to exclude at 95% the region ξ & 0.03, with ξ tending to ∼ 0.02
in the infinite ρ-mass case. Having no other contributions to the oblique parameters,
masses mρ . 5 TeV are already excluded even for very small ξ (see [31] for more details).
Nonetheless, slight modifications to the EW parameter Tˆ shift the 95% exclusion boundary
in such a manner that masses as low as mρ ∼ 2 TeV are still viable. On the other hand, the
parameter Sˆ is sensitive both to the cutoff and to the composite resonances scale, thus the
inclusion of light fermionic resonances may relax those stringent constraints, reaching for
instance ξ ∼ 0.3 or even bigger for mρ ∼ 3 TeV in minimal models with fermionic fourplet
resonances [12]. More exotic scenarios, like the nineplet case, would lead to stringent values
as ξ ∼ 0.02 for mρ ∼ 3 TeV in agreement with 99%CL bounds from the Sˆ parameter [12].
For the present work we will assume ξ = {0.1, 0.2, 0.25}, as they are compatible with the
latter EWPT bounds, and with the vector resonance direct production bounds at LHC, as
well as the expected single Higgs production at the LHC, and the double Higgs production
at CLIC. In addtion, those values are inside the domain of validity of the scenario, gρ < 4pi
and they will be assumed henceforth.
Both of the elementary-composite sectors and their interactions will be generically
described in this analysis via
L = Lelem + Lcomp + Lmix. (2.3)
Lmix is responsible for the breaking of the Goldstone symmetry through the partial com-
positeness mechanism, the which postulates an UV Lagrangian above the G symmetry
breaking scale containing linear couplings between elementary fermions q and strong sec-
tor operators dictated by
LUVmix =
∑
q
y q¯Oq. (2.4)
The operators Oq transform in one of the SO(5) representations, shaping as well the
corresponding embeddings of the elementary fields. We will consider two choices:
2In [31] have been reported precision values for ξ according to double Higgs at CLIC, and compared with
respect to single and double Higgs production at LHC, single Higgs at ILC and single Higgs at CLIC as
well. Such anaysis infers corresponding maximal bounds on compositeness scale, some of them compatible
with the one obtained from constraints on non-standar Higgs couplings (see [13]). In a specific model like
the Minimal Composite Higgs model the couplings a, b and d3 depend on the single parameter ξ = (v/f)
2.
Through the study of e+e− → hhνν¯, a machine like CLIC with √s = 3 TeV and L = 1 ab−1 can reach a
sensitivity as small as 0.02 on ξ. These sensitivities can be translated into an indirect reach on the cutoff
scale Λ ≡ 4pif , that is the mass scale of the resonances for the case where the underlying dynamics is
maximally strong. The values of Λ provided in [31], are in agreement with non-standard Higgs couplings
measurements at [13] and corresponds to ξ = 0.02− 0.05.
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• Fundamental 5 representation, with both chiralities of the fermion q having elemen-
tary representatives coupled to the strong sector through the 5-plets
q5L =
1√
2

idL
dL
iuL
−uL
0
 , u5R =

0
0
0
0
uR
 , (2.5)
• Fundamental 14 representation, with the right-handed q quark as a totally composite
state arising itself from the operator Qq at low energies, coupled to qL by means of
the mixing (2.4). The fields coupled to the strong sector are
q14L =
1√
2

0 0 0 0 idL
0 0 0 0 dL
0 0 0 0 iuL
0 0 0 0 −uL
idL dL iuL −uL 0
 , u1R . (2.6)
In both cases the representations qL and uR have the same X-charge 2/3, allowing to
reproduce the correct electric charge of the top. The doublet qTL = (uL, dL) has an isospin
T 3R = −1/2, providing thus a protection from large deformations of the bL-couplings [32,33].
The top partners hence have the same X-charge equal to 2/3 as the composite operator
Oq and are introduced in the next.
The couplings in (2.4), though explicitly break the G = SO(5)×U(1)X symmetry, must
of course respect the SM group. Restoring G at the elementary-composite interactions
of (2.4) demands suitable transformation properties for the embeddings. Under g ∈ SO(5)
we have (
q5L
)
i
→ g ji
(
q5L
)
j
,
(
q14L
)
i j
→ g li g kj
(
q14L
)
l k
, (2.7)
while the U(1)X-charge is equal to 2/3 in both cases. Such symmetry transformation is
accounted for building up the interplaying currents later on that will lead to the emergence
of EFT 4-fermion operators in our framework.
3 Top partners fields
A fourplet Ψ4 and a singlet Ψ1 representations are naturally sourced by the decomposition
rule 5 = 4 + 1 under the unbroken SO(4) group and can be encoded through
Ψ4 =
1√
2

iB − iX5/3
B +X5/3
iT + iX2/3
−T +X2/3
 , Ψ1 = T˜ . (3.1)
The fourplet Ψ4 is decomposable into two doublets (T ,B) and (X5/3, X2/3) of hypercharge
1/6 and 7/6 respectively. The former has the same quantum numbers as the doublet
5
(uL, dL), whilst the latter contains a state of exotic charge 5/3 plus another top-like quark
X2/3. On the other hand, the singlet representation Ψ1 entails only one exotic top-like
state, denoted in here as T˜ .
Following a slightly modified notation as in [23], the cases of a strong sector operators
Oq as 5 or 14, in the presence of either a fourplet or singlet partner, will shape the models
M = MΨ+q = {M4+5, M4+14, M1+5, M1+14} . (3.2)
Note that by decomposing Oq in (2.4) under the unbroken SO(4) we obtain, respectively,
5 = 4+1 and 14 = 4+1+9, being possible to find thus a fourplet and/or a singlet in the
low-energy spectrum. The nineplet case 9 is beyond the scopes of the present work and it
is left for a future analysis [34].
In the next we briefly introduced the spin-1 vector resonances that will be coupled a
posteriori to the fermion field content described so far.
4 Vector resonance Lagrangian
Below the cut-off of the theory at Λ = 4pif we assume the existence of spin-1 resonances
parametrized by a mass mρ ' gρf and a coupling 1 < gρ < 4pi, who controls both the
interactions among the resonances and the resonance-pion interactions.
We are concerned here only to the case of resonances transforming under SO(4). Accor-
ding to the rule 4 × 4 = 1 + 6 + 9 the resonance can therefore be encoded by one of the
SU(2)L×SU(2)R-representations (1,1) + (3,1) + (1,3) + (3,3). For the work undertaken
in here, only the spin-1 resonances ρµL = (3,1) and ρ
µ
R = (1,3) will be considered. Their
description as triplet representations of SU(2)L × SU(2)R follows the well known vector
formalism [35], where the fields transform non-linearly under a transformation Π ∈ SO(5)
as
ρµχ = ρ
aµ
χ T
a
χ , ρ
µ
χ → h ρµχ h† +
i
gρχ
(
h ∂µh†
)
χ
, (4.1)
with the notation χ = L, R, and h = h(Π, haˆ). The SO(4) ' SU(2)L × SU(2)R unbroken
generators T aχ are defined in A. It is customary to write the effective Lagrangian for the
spin-1 resonance as
Lρχ = −
1
4 g2ρχ
ρµνχ ρµνχ +
m2ρχ
2 g2ρχ
(
ρµχ − eµχ
)2
(4.2)
where an internal sum over the SO(4) unbroken generators indices is assumed through the
strength field and vector products in (4.2), with the CCWZ symbol eµχ defined in A and
the strength field written as usual
ρµνχ = ∂
µρνχ − ∂νρµχ + i
[
ρµχ, ρ
ν
χ
]
. (4.3)
Higher-order operators Qi (in field and derivative) may expand the LO Lagrangians in (4.2)
and are disregarded for the present work (see [11] more details). Finally, it is worth to
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remark the similarity between the LagrangianLρχ in (4.2) and the one originally considered
in SO(4)/SO(3) models of Hidden Local Symmetry (HLS) [36–39].
The interplaying interactions among the top partners, elementary fermion fields and
the aforementioned vector resonances is considered via an effective approach in the next
section.
5 Fermion–vector interplaying Lagrangian
So far the fermion sector accounted by the top partners and the composite operators
have been separately considered from the previous vector-like formalism. Covering all the
possible couplings among them requires the following set of SO(5)-invariant interplaying
interactions, sourced by the simultaneous presence of both of the sectors, and succinctly
described by the whole fermion-vector interplaying Lagrangian
Lint = LM +
∑
χ=L,R
(
Lρχ + LM + ρχ + L
mag
M + ρχ
)
(5.1)
with M labelling each one of the possible models in (3.2). LM is generically encoded
by (2.3), whilst Lρχ was already provided in (4.2). The third Lagrangian in (5.1) encodes
fermion currents coupled to the spin-1 resonances, whereas the fourth one contains tensors
of the 2nd rank made out of fermions and coupled to the resonance strength field. Their
components are generically defined as
LM + ρχ =
1√
2
αχi J µiχ (ρµχ − eµχ) + h.c. , (5.2)
L magM + ρχ =
1
f
βχi J µνiχ ρµνχ + h.c. , (5.3)
with an implicit summation over the index i and spanning over all the possible currents
and tensors that can be built upon the elementary q, top partner ψ and elementary-top
partner sector qψ and uψ, e.g. i can denote the set i = {q, ψ, qψ, uψ}. An internal
sum over the SO(4) unbroken generators indices is once again implied through (5.2)-(5.3).
Generic coefficients αχi and β
χ
i have been introduced and are correspondingly weighting
each one of the fermion currents and tensors defined later on.
5.1 M4+5 and M1+5 coupled to ρ
The leading order Lagrangian corresponding to 5-elementary fermions is given by the
kinetic terms
Lelem = i qL /D qL + i uR /D uR, (5.4)
whereas both of the top partners Ψ4 and Ψ1 are introduced in Lcomp (2.3) through the
parametrization [23] as
Lcomp = iΨ4 /∇Ψ4 −M4 Ψ4Ψ4 + (Ψ4 ↔ Ψ1) + f
2
4
d2 +
(
i c41 (Ψ4)
iγµdiµΨ1 + h.c.
)
(5.5)
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with ∇ standing for ∇ = /D + i/e. Goldstone bosons kinetic terms are contained at the
d2-term, while the coefficient c41 controls the strength of the interplaying fourplet-singlet
partner term, and it is is expected to be order one by power counting [40]. The covariant
derivatives through (5.4)-(5.5), together with the d and e-symbols are defined in A. Finally,
the mass terms mixing the elementary and top partners are described via
Lmix =yLf
(
q5L U
)
i
(Ψ4R)
i + yRf
(
u5R U
)
i
(Ψ4L)
i + h.c. + ,
+ y˜Lf
(
q5L U
)
5
Ψ1R + y˜Rf
(
u5R U
)
5
Ψ1L + h.c.
(5.6)
Suitable U insertions have been done in order to guarantee the non-linear SO(5) invariance.
The small mixings yχ and y˜χ trigger the Goldstone symmetry breaking, providing thus a
proper low Higgs mass. The latter Lagrangian entails partially composite u5R and it gives
rise to quark mass terms as well as trilinear couplings contributing to the single production
of top partners. Their mass spectrum, couplings, implied phenomenology, production
mechanisms and relevant decay channels at LHC searches, are thoroughly analysed in [23]
for the case of a totally composite top quark tR.
Altogether, the leading order composite and mixing Lagrangians contain seven pa-
rameters {M4, M1, c41, yL, yR, y˜L, y˜R}, aside from the Goldstone decay constant f . Six
of them are arranged to reproduce the correct top mass plus the extra partner masses
{mX5/3 , mX2/3 , mT , mB, mT˜ }. Their expressions are not reported here as we do not scan
over them in this work.
The set of fermion currents and 2nd rank tensors constructable for both of the models
M4+5 and M1+5 are listed in Table 1 (left column). It is worth to comment that no
currents built upon elementary right handed quarks are allowed for these models as the
current J µauχ = u5R γµ T
a
χ u
5
R turns out to be vanishing, with the definition T
a
χ ≡ UT aχ U†.
Parametric dependence is extended by 16 additional weighting coefficients (4 αL(R) and
4 βL(R)) at M4+5, whilst a top partner in a singlet embedding leads to a lower number
of invariants, reducing thus the parametric freedom by a half at M1+5. Such freedom
shortens even further at low energies after integrating out top partners and resonances
from the physical spectrum, as some of the involved currents will vanish as well. Next
sections will comment on this.
5.2 M4+14 and M1+14 coupled to ρ
The elementary kinetic Lagrangian corresponding to this model is straightforwardly written
Lelem = i qL /D qL , (5.7)
whereas the composite counterpart is reshuffled as
Lcomp → Lcomp + i uR /D uR +
(
i c41 (Ψ4)
iγµdiµΨ1 + i c4u (Ψ4)
iγµdiµuR + h.c.
)
,
(5.8)
where Lcomp corresponds to the strong sector Lagrangian of (5.5) augmented by the those
terms mixing the fourplet Ψ4 with the singlet Ψ1 and the totally composite uR through
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M4+5 M4+14
J µq = q5L γµ T q5L
J µψ = Ψ4 γµ τ Ψ4
J µuψ =
(
u5R T U
)
j
γµ (Ψ4R)
j
J µqψ =
(
q5L T U
)
j
γµ (Ψ4L)
j
J µq =
(
UT q14L U T
)
5 j
γµ
(
UT q14L U
)
j 5
J µψ = Ψ4 γµ τ Ψ4
J µqψ =
(
UT q14L U T
)
5 j
γµ (Ψ4L)
j
J µνψ = Ψ4L σµν τ Ψ4R
J µνqψ =
(
q5L T U
)
j
σµν (Ψ4R)
j
J µνuψ =
(
u5R T U
)
j
σµν (Ψ4L)
j
J µνqu = q5L σµν T u5R
J µνψ = Ψ4L σµν τ Ψ4R
J µνqψ =
(
UT q14L U T
)
5 i
σµν (Ψ4R)
i
M1+5 M1+14
J µq = q5L γµ T q5L
J µqψ =
(
q5L U
)
γµ Ψ1L
J µq =
(
UT q14L U T
)
5 j
γµ
(
UT q14L U
)
j 5
J µνqψ =
(
q5L U
)
σµν Ψ1R
J µνqu = q5L σµν T u5R
−
Table 1: Currents and 2nd rank tensors for all the models. Definition T ≡ UT U† is involved
through the currents, where T stands as short notation for SO(4) ' SU(2)L × SU(2)R
unbroken generators T aχ (χ = L, R and a = 1, 2, 3), defined in Appendix A together with the
matrices τa in (A.2) have been introduced in order to keep the invariance under global SO(5)
transformations. Notice that the tensors are vanishing for the model M1+14. The explicit form
of the fermion currents after the vacuum alignment are reported in Appendix B.
the coefficients c41 and c4u respectively. The elementary and top partners sector are mixed
via
Lmix = yL f
(
U t q14L U
)
i 5
(Ψ4R)
i + y˜L f
(
U t q14L U
)
5 5
Ψ1R + yR f
(
U t q14L U
)
5 5
u1R + h.c.
(5.9)
This case also involves seven parameters {M4, M1, c41, c4u, yL, yR, y˜L}, five of them are
arranged to reproduce the correct top mass, plus extra four partner masses as the degen-
eracy mX5/3 = mX2/3 is implied and also manifested at the previous two models. Notice
that a direct mixing coupling uR and Ψ1 has been removed by a field redefinition. Ta-
ble 1 lists the associated fermion currents and 2nd rank tensors (right column). Notice
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that the element
(
UT q14L U T
)
i 5
is zero for i = 1, ..., 5, so we write
(
UT q14L U T
)
5 i
instead,
whereas the product UT q14L U turns out to be a symmetric matrix. On the other hand,
the tensor J µνqu =
(
UT q14L U T
)
5 5
σµν u1R is vanishing. For these models, the parametric
dependence is augmented by 10 additional weighting coefficients (3 αL(R) and 2 βL(R)) at
M4+14, whereas the singlet top partner representation reduces it to just two fermion cu-
rrents at M1+14. That freedom becomes shortened after integrating out top partners and
resonances at M4+14.
6 Integrating out the NP field content
In the following section the low energy effects from both of the top partners and vector
resonances sectors are analysed after integrating them out from the physical spectrum,
and via their corresponding EOM. In this case the UV effects are codified by the resonance
mass scale mρ, higher above the top partners one, i.e. M4(1) < mρ, driving thus the former
sector to be integrated a priori while the latter a posteriori.
6.1 Integrating out ρ
At energies E  mρ  Λ one can integrate out the ρ-field by solving the EOM at lowest
order in the derivative expansion. Generically, one gets from Lρχ in (4.2)
ρµχ = e
µ
χ −
∑
i
αχi√
2
g2ρχ
m2ρχ
J µiχ (6.1)
in such manner that the following dim-6 operators arise out at low energies from LM + ρχ
in (5.2)
LM + ρχ
ρ−EOM
====⇒ −
∑
i,j
αχi α
χ
j
g2ρχ
m2ρχ
Oχi j, Oχi j = J χi J χj (6.2)
where the subscripts i and j label different type of fermion fields in the model. The
SO(4) ' SU(2)L × SU(2)R unbroken generators indices are again assumed through the
vector and tensor products in (6.2), i.e. J χi J χj −→ J µaiχ J µajχ . All the emerging dim-6
operators are listed in Table 2 for the aforementioned models. Finally, magnetic dipole-
like operators are also generated from Lagrangian (5.3)
LM + ρχ,mag
ρ−EOM
====⇒ 1
f
∑
i
βχi J µνiχ eµνχ + h.c. (6.3)
6.2 Integrating out Ψ
Through the EOM for the top partner fields it is possible to obtain the low energy im-
plications for each one of the models described above. It turns out that the left/right
handed chirality for the resonances are proportional to the left/right handed chirality of
10
M4+5 M4+14
Oqq = 1
2
Jq Jq O(3)qψ = Jq Jqψ
Oψψ = 1
2
Jψ Jψ O(4)qψ = Jψ Jqψ
O(1)qψ =
1
2
Jqψ Jqψ O(2)uψ = Jψ Juψ
O(1)uψ =
1
2
Juψ Juψ O(1)quψ = Jq Juψ
O(2)qψ = Jq Jψ O(2)quψ = Jqψ Juψ
Oqq = 12 Jq Jq
O(2)qψ = Jq Jψ
Oψψ = 12 Jψ Jψ
O(3)qψ = Jq Jqψ
O(1)qψ = 12 Jqψ Jqψ
O(4)qψ = Jψ Jqψ
M1+5 M1+14
Oqq = 1
2
Jq Jq
O(1)qψ =
1
2
Jqψ Jqψ
O(2)qψ = Jq Jqψ
Oqq = 12 Jq Jq
Table 2: Dim-6 operators emerging after integrating out the vector resonances. Subscripts q,
ψ and qψ label elementary, partners fields and both of them respectively. The SO(4) unbroken
generators indices are implicit and for χ ≡ L, R, through the vector products, i.e. Ji Jj −→
J µaiχ J µajχ . In blue are pointed out those operators vanishing by implementing the top partner’s
EOM as discussed in the text.
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M4+5 M1+5
cuLuL =
1
8
(ξ − 1)
[
4ηLα
L
q α
L
qψ +
(
αLq
)2
+ αRq
(
4ηLα
R
qψ + α
R
q
)]
cdLdL
= 1
8
[
−4ηLαLq αLqψ −
(
αLq
)2 − αRq (4ηLαRqψ + αRq )]
cuLdL
= − 1
8
(ξ − 2)
[
12ηLα
L
q α
L
qψ + 3
(
αLq
)2 − αRq (4ηLαRqψ + αRq )]
cuLuL =
1
8
(ξ − 1)
[(
αLq
)2
+
(
αRq
)2]
cdLdL
= − 1
8
[(
αLq
)2
+
(
αRq
)2]
cuLdL
= − 1
8
(ξ − 2)
[
3
(
αLq
)2 − (αRq )2]
M4+14 M1+14
cuLuL =
1
8
(5ξ − 1)
[
4ηLα
L
q α
L
qψ +
(
αLq
)2
+ αRq
(
4ηLα
R
qψ + α
R
q
)]
cdLdL
= 1
8
(2ξ − 1)
[
4ηLα
L
q α
L
qψ +
(
αLq
)2
+ αRq
(
4ηLα
R
qψ + α
R
q
)]
cuLdL
= − 1
8
(7ξ − 2)
[
12ηLα
L
q α
L
qψ + 3
(
αLq
)2 − αRq (4ηLαRqψ + αRq )]
cuLuL =
1
8
(5ξ − 1)
[(
αLq
)2
+
(
αRq
)2]
cdLdL
= 1
8
(2ξ − 1)
[(
αLq
)2
+
(
αRq
)2]
cuLdL
= − 1
8
(7ξ − 2)
[
3
(
αLq
)2 − (αRq )2]
Table 3: Corresponding Wilson coefficients ci for each one of the 4-fermion operators in (6.4).
All the coefficients have been expanded till linear order in η and ξ as well.
the elementary field, correspondingly suppressed either by the top partner mass M4 at the
models M4+5 and M4+14, or by M1 at M1+5 and M1+14 (Appendix D for more details).
After replacing the top partners fields according with the previous prescription, the final
set of 4–fermion elementary operators obtained at low energies after decoupling the vector
resonances and the top partners from the physical spectrum is given by
OuL uL = (u¯L γµ uL)2 , OuL dL = (u¯L γµ uL)
(
d¯L γµ dL
)
, OdL dL =
(
d¯L γµ dL
)2
, (6.4)
whilst the magnetic dipole-like terms are
Omagγ = u¯ σµν uAµν , OmagZ = u¯ σµν uZµν , OmagW = u¯R σµν dLW+µν + h.c. , (6.5)
all them parametrizing the following effective Lagrangian
LM + ρχ + L
mag
M + ρχ
ρ−EOM
=====⇒
Ψ−EOM
− 1
f 2
∑
i
ciOi − 1
f
∑
V
cmagV OmagV (6.6)
where the Wilson coefficients ci are listed in Table 3, with the parameter ηL being defined
in (D.3). Magnetic dipole-type coefficients cmagγ are left for later when dealing with EDM
bounds in a forthcoming section. The indexes i and V run correspondingly over the
operators in (6.4) and (6.5).
As we mentioned before, the assumption of spin-1 resonances brings us a mass scale
mρ below the cut-off of the theory at Λ = 4pif , entailing thus the coupling 1 < gρ < 4pi.
Likewise, the top partner mass scales M4(1), assumed here such that M4(1) < mρ, also
brings the couplings g4(1). Hereinafter the linking relations
gρχ ≡
mρχ
f
, g4(1) ≡
M4(1)
f
(6.7)
will be used throughout. As it is commonly argued in the literature, the ranges 500 GeV.
M4(1) . 1.5 TeV and 1 . g4(1) . 3 are the most favoured by concrete models (see [23]
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and references therein). Finally, the strength of the elementary-composite couplings yL(R)
and y˜L(R) is fixed by correctly reproducing the top quark mass. These arguments and the
definitions in (D.3) lead to the estimative
0.3 . ηL(R), η˜L(R) . 1 . (6.8)
Ranges that will be reconsidered later on when accounting for the 4-fermion operators
effects, their underlying flavour patterns as well as phenomenological bounds that can be
imposed on them in the next section. Despite the extremal value in (6.8), all the coefficients
in Table 3 have been expanded for brevity purposes till order O(η) assuming a small η. An
ξ-expansion has been performed as well up to the linear order. As it can be seen, models
M4+14 and M1+14 have equal Wilson coefficients, an equality no longer held at higher
orders. In fact, for the latter case extra 4-fermion operators are brought in the framework
in addition to those of (6.4) as
OuL uR = (u¯L γµ uL) (u¯R γµ uR) , OuR dL = (u¯R γµ uR)
(
d¯L γµ dL
)
. (6.9)
They emerged at O(η3) and O(η4)-order for M4+5 and M4+14 respectively, hence their Wil-
son coefficients turn out to be extremely suppressed and are phenomenologically negligible.
Their expressions together with implied bounds are reported in Appendix C. At M1+5 and
M1+14, no contributions appear for these operators, neither at any higher η-order as the
involved currents are exactly vanishing after EOM.
It is worth to comment on the expressions of the currents before implementing EOM
for the top partners. In particular, expressing the current J µuψ from the model M4+5 in
the SU(2)L × SU(2)R-generators space, it turns out to be
J µuψL = −J µuψR =
sθ
2
√
2
(
J µtRBR − J µX5/3RtR , i
(
J µX5/3RtR − J
µ
tRBR
)
, J µTRtR + J µX2/3RtR
)
+ h.c.
(6.10)
where each one of the currents above J µψφ are defined in (B.8), and the notation (cθ, sθ)
stands for (cθ, sθ) ≡ (cos θ, sin θ) with sθ ≡ sin θ ≡ v/f =
√
ξ . According to the EOMs in
Appendix D, the RH fields BR and X5/3R vanish, whilst the fields TR and X2/3R are equal
up to a relative negative sign. Thus, after the top partner’s EOM, Juψ vanishes, leading the
operators {O(1)uψ ,O(2)uψ ,O(1)quψ,O(2)quψ} to vanish as well. Similar analysis applies to the M4+14-
currents. After the corresponding top partner’s EOM, Jqψ turns out to be completely
zero, driving to zero therefore the operators {O(3)qψ ,O(1)qψ ,O(4)qψ }. On the other hand, none of
the M1+5-currents, turns out to be null after EOMs, but the cancellation among different
components of the currents Jq and Jqψ leads the operator O(2)qψ to vanish. The latter
remarks are all reflected when writing down the contribution to the dim-6 low energy
operators. Notice indeed the Wilson coefficients listed in Table 3 whose contributions are
coming from the non-vanishing operators.
Models M4+14 and M1+14 exhibit a peculiar situation for ξ = {1/5, 2/7, 1/2}, meaning
f ≈ {550, 460, 348}GeV. For these specific values, the coefficients {cuL uL , cuL dL , cdL dL}
correspondingly vanish at both models, leaving us with no associated 4-fermion operators
of the type in (6.4). This feature disfavour the EWPT-preferred scenario ξ = 0.2 in the
shed light of FCNC processes. Nonetheless, bigger values are ruled out by EWPT, allowing
thus non-zero contributions from such 4-fermion operators.
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6.3 Flavour and ∆F = 2 operators
All the SM flavour structures can be generated through flavour-breaking couplings assigned
to just one chirality of SM quarks, qL or uR. Corresponding scenarios will be called Right
Compositeness (RC) and Left Compositeness (LC). Down-type sector also contains some
flavour-breaking sources implicitly assumed, and whose effect will be reflected in the non-
diagonal rotation matrices of the down-type quarks and their masses.
In this work we will focus on flavour-symmetric scenarios, with two types of horizontal
symmetries of SM up-type quarks and composite resonances, U(3)2 and U(2)2, the latter
acting on the first two families. Breaking of the given flavour groups will be generated
by the interactions of elementary fermions with the composite sector. See Ref. [12] and
references therein for a more detailed discussion on flavour patterns
Partial Compositeness
Tree-level ∆F = 2 processes may receive dominant contributions from the four-composite-
fermion operators discussed in Section 6. Flavour-changing 4-quark interactions are trig-
gered after accounting for the EOM of top partners, plus elementary-composite mixings via
some flavour pattern. FCNC processes are mostly constrained by the down-type quark sec-
tor, which has sizeable mixings only with BL-resonances. The bilinears operators obtained
in the previous section allow us to write down the ∆F = 2 operators as
1
f 2
cdL dL OdL dL →
1
f 2
(V †CKMi3VCKM3j)
2 κ2ij cdLdL [d¯iγµdj][d¯iγ
µdj]. (6.11)
The coefficient κ depends on the flavour pattern as follows from [12]:
U(3)2LC , κij = 0 ,
U(3)2RC & U(2)
2
RC , κij = 1 .
(6.12)
The coefficient cdLdL is listed in Table 3 for each model. For the bounds on the opera-
tor (6.11), we take those in Ref. [41], obtaining thus
U(3)2RC : |cdLdL| . 5.4× 10−7(1,2), 5.3× 10−5(2,3) , U(2)2RC : |cdLdL| . 2.4× 10−6(1,3) , (6.13)
where the subscripts (i, j) stand for flavour indices of the four-fermion operator for which
the constraint is obtained3. The previous bounds lead us to obtain the allowed parame-
ter spaces correspondingly for each model in Fig. 1, for which the most stringent bound
in (6.13) has been imposed. Two different cases have been considered in accordance
with (6.8): the ηL-small limit (ηL = 0.3) and the ηL-large case (ηL = 1), both of them
accounted for at the top and bottom respectively. The scan along ξ = {0.1, 0.2, 0.25} has
been performed, indicated by the {thick, dashed, dotted}-border inner areas respectively,
and simultaneously maintaining two fermion currents on per scanning. Only three param-
eter spaces out of the six possibles for ηL-small limit, and three out of the fifteen available
3In U(3)2 LC this type of bound is absent, while in the other scenarios as in U(2)2LC, U(2)
2
TC and
U(2)2tRcomp the exact constraint depends on a complex parameter (see [12,25]).
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Figure 1: Set of parameter spaces at M4+5 for both ηL-small and ηL-large limits (top and
bottom). Those entailed by M4+14 are correspondingly similar to those at M4+5, while at
M1+5 and M1+14 are similar as to the corresponding one at M4+5 on the left, as it is inferred
by their associated coefficients cdL dL in Table 3. See the text for details.
for the ηL-large case at M4+5 have been displayed for briefness reasons. Parameter spaces
provided by M4+14 are correspondingly similar to those at M4+5, whereas those for M1+5
and M1+14 are alike the one for (α
L
q , α
R
q ) at M4+5, as it is inferred by their associated
Wilson coefficients cdL dL in Table 3. Some comments are in order:
• The order of magnitude of the involved coefficients turns out to be O(10−3) roughly,
rising till 10−2 by imposing the least stringent limit in (6.13).
• One order of magnitude more is reachable in some regions. For instance, in the ηL-
small limit, coefficients {αRq , αRqψ} may reach O(10−2) (while {αLq , αLqψ} are off) at
M4+5 in Fig. 1, top-right. Analogous situation happens on the latter coefficients by
exchanging R ↔ L at the same model, whose corresponding parameter space is not
shown for briefness purposes.
• The model M4+5 implies certain freedom for αRqψ (setting {αRq , αLqψ} to zero), inferred
from the associated parameter space at the ηL-small limit in Fig. 1, top-centre. Such
freedom may lead to dangerous contributions to the vector resonance production
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through elementary-top partners collision as suggested by the current-resonance cou-
pling in (5.2)
αχi J χi ρχ −→ αRqψ J Rqψ ρR ≡ αRqψ
(
q5L TR Uγ
µΨ4L
)
ρµR + h.c. , (6.14)
where the SO(4) indices are implicitly assumed. Furthermore, dangerous contribu-
tions could be triggered for the set {O(1R)qψ , O(3R)qψ , O(4R)qψ }. Future constraints on the
ρ-production via elementary-top partners fusion could bound the strength of the co-
efficient αRqψ, limiting as well the aforementioned parameter space. Similar remarks,
with a similar parameter space, apply by exchanging R ↔ L in (6.14) at the same
model, and potentially affecting the operators {O(1L)qψ , O(3L)qψ , O(4L)qψ }4.
• Likewise, the ηL-large scenario leads to a freedom, not only for αRqψ but for αRq too, im-
pacting hence on the operators {ORqq, O(2R)qψ , O(3R)qψ }5. Analogous comments apply for
M4+14, whose coefficients {αRq , αRψ} exhibit similar behaviour, affecting thus the set
{ORqq, O(2R)qψ , ORψψ} as well as when exchanging R↔ L. Such situation is sketched in
Fig. 1 bottom-right plot for M4+5, and it is understood by considering the Lagrangian
expansion in (6.2). Due to the quadratic α-dependence of the Wilson coefficients,
cancellations among large coefficients α
L(R)
i are possible, as long as only SU(2)L or
SU(2)R-currents are held on. Indeed, this brings dim-6 operators made out of mixed
currents for a given SU(2)’s broken generator, allowing thus cancellations among
opposite-sign large contributions. Conversely, holding for instance one SU(2)L and
one SU(2)R-currents simultaneously, will drive quadratic contributions with no mix-
ing terms, demanding then small coefficients α to satisfy the imposed bounds.
On the other hand, by fixing the coefficients α at different set of values instead, we obtain
the allowed ranges for ηL reported in Table 4 for ξ = 0.1. Models M1+5 and M1+14 provide
no range as their associated Wilson coefficients are η-independent up to the order O(η).
Higher order terms appear when considering the ηL-large case, shaping more involved
coefficients from which the ranges are inferred. Models M1+5 and M1+14 are disfavoured
as the associated final ranges point either towards bigger negative or positive values for
any α-coefficients setting. Likewise, model M4+5 disfavours all currents interfering either
positively or negatively at both small or large limit for ηL. Different scenario occurs when
a couple of currents are oppositely interfering with respect to the rest of currents (3rd
column). In fact, at M4+5 and M4+14 the ηL-small case favours the value ηL ≈ 0.25, close
to the minimal one in (6.8). For the latter case and accordingly with (6.8), the intermediate
value of ηL ≈ 0.41 is reached at M4+5 and M4+14, while other ranges slightly exceed the
predicted one for the same models. Different combinations of interfering currents6 will
4Operators {O(2L)quψ , O(2R)quψ } are insensitive to the weighting of αLqψ and αRqψ as they vanish after top
partner’s EOM.
5Other coefficients and set of operators will exhibit the same features from the others non-displayed
parameter spaces.
6In the ηL-large limit at M4+5 and M4+14, the Wilson coefficient cdL dL depends on the contribution
of six currents through {αLq , αRq , αLψ, αRψ , αLqψ, αRqψ}. Setting them as αLq = αLψ = αRqψ = ±1 and αRq =
αRψ = α
L
qψ = ∓1, equal ranges as those for M4+5 and M4+14 at the 3rd column in Table 4 are obtained,
whilst fixing αLq = α
R
ψ = α
R
qψ = ±1 and αRq = αLψ = αLqψ = ∓1 the value ηL ≈ 0.42 is obtained again.
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ηL-small
Model αi = ±1 αi = αj = ±1, αk = αl = ∓1 Other combinations
M4+5
&
M4+14
ηL ≈ −0.25 ηL ≈ 0.25 −
ηL-large
Model αi = ±1
αi = · · · = αl = ±1
αm = αn = ∓1
Other combinations
M4+5
&
M4+14
−1.06 ≤ ηL ≤ −0.94
(−1.19 . ηL . −0.84)
0.94 . ηL . 1.06
(0.84 . ηL . 1.19)
0.94 . ηL . 1.06
(0.84 . ηL . 1.18)
ηL ≈ 0.41 ηL ≈ 0.41
M1+5
&
M1+14
|ηL| & 26.01
(|ηL| & 8.21)
|ηL| & 26.01
(|ηL| & 8.21)
|ηL| & 26.01
(|ηL| & 8.21)
Table 4: Allowed ηL-ranges from bounds in (6.13) for ξ = 0.1, either in the small or large limit
for the η-parameters, and by setting the α-coefficients at different values: ±1 all at once, ±1
by pairs while the rest at ∓1, and several other combinations. See the text for details. Some
cases lead to no ranges as their implied Wilson coefficient becomes constant.
allow similar values and ranges as those commented for M4+5 in the ηL-large limit (4th
column). Following previous discussion and according to definitions in D.3, some rough
relations among the Yukawa yL and the coupling g4 may be derived. Indeed, the beforehand
estimation in (6.8) can be translated into
0.3 g4 . yL(R) . g4, 0.3 g1 . y˜L(R) . g1 . (6.15)
Ranges in Table 4 point to yL ≈ 0.25(0.41) g4 at M4+5 and M4+14. Estimations for yR and
y˜L(R) are derived once the Wilson coefficient are expanded up to the order O(η2) or higher.
See Appendix C for more details.
Compositeness constraints
Concerning flavour patterns, where the degree of light quark compositeness is related to the
one of the top quark, stringent constraints come from the searches for quark compositeness.
Among the 4-fermion operators up and down quarks in LC, one of the most constraining is
O(1)qq = (q¯LγµqL)(q¯LγµqL), tradable in terms of the subset {OuL uL , OuL dL , OdL dL} in (6.4)
via the following equivalence among operator coefficients at the Lagrangian level
cuL uL = 2 cuL dL = cdL dL = c
(1)
qq . (6.16)
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Figure 2: Same parameter spaces for M4+5 as in Fig. 1, but for ηL = 0.3 and ξ = 0.1 only.
Parameter spaces entailed by M4+14 are similar to those at M4+5 respectively, whilst M1+5
and M1+14 are alike the corresponding one at M4+5 (left), as it is inferred by its associated
Wilson coefficients in the limit α
L(R)
qψ → 0 (see Table 3). The {thick, dashed, dotted}-border
inner areas corresponds to the {cuL uL , cuL dL , cdL dL}-dijet bounds respectively in (6.17). See
text for details.
In addition to O(1)qq , one 4-fermion operator in both LC and RC scenario are disregarded
here, as the former requires colour effects not included in this work, whereas the latter
contains right handed up quarks only, not emerging in our framework (see [25] for more
details). O(1)qq gives rise to departures in the jet’s angular distributions with respect to the
SM predictions, therefore when qL belongs to the first quarks generation the corresponding
Wilson coefficient is bounded as (5.0 TeV)−2 [42], which for ξ = {0.1, 0.2, 0.25} translates
correspondingly as c
(1)
qq . {1.2, 0.6, 0.5} × 10−8, and consequently into
c(1)qq =⇒

cuL uL & cdL dL . {1.2, 0.6, 0.5} × 10−8 ,
cuL dL . {0.6, 0.3, 0.25} × 10−8 .
(6.17)
The parameter spaces obtained by these bounds are gathered in Fig. 2 for the ηL-small limit
and ξ = 0.1 only. Models M4+14 involves similar to those at M4+5 respectively, while M1+5
and M1+14 are alike the corresponding one at M4+5 (left), as it is inferred by its associated
Wilson coefficients in the limit α
L(R)
qψ → 0 (see Table 3). The three different dijet bounds
in (6.17) are imposed by holding one operator on at each time correspondingly, being
indicated in {thick, dashed, dotted}-border inner areas from {cuL uL , cuL dL , cdL dL}-bounds
respectively. Generically concluding, the coefficients turns out to be one order of magnitude
smaller and more constrained with respect to those inferred by ∆F = 2 processes in
Fig. 1. The bound on cuL dL aims at further restricting the allowed parameter spaces to
smaller regions, due to the relative factor in (6.16). Finally, limits for the parameter ηL
may be inferred once again, turning out to be similar as the ones reported in Table 4 by
implementing either cuLuL or cdLdL . The case of cuLdL will require slightly different ranges,
and similar remarks as those inherent to the ranges in Table 4 apply also.
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Figure 3: Left: 1-loop fermion EDM induced by a CP-odd TGV coupling i
2
µνρσW
+
µ W
−
ν A
ρσ.
Right: Effective fermionic EDM from operator Omagγ in (6.5), yielded after integrating out
vector resonances and quark partners.
6.4 Fermionic EDMs bounds
Electric dipole moments for quarks and leptons are generically signalling BSM sources of
CP-violation, as they tend to be almost free from SM background contributions as well
as experimentally quite bounded. Fermionic EDMs are suppressed in the SM beyond two
electroweak boson exchange, while one-loop level induced in most BSM theories. Indeed,
via the effective gauge boson-photon coupling i
2
µνρσW
+
µ W
−
ν A
ρσ, a one-loop contribution
for the fermion EDM is triggered, see Fig. 3 (left). Such coupling naturally emerges in
BSM scenarios and it is effectively provided by non-linear operators in [43–47].
The amplitude corresponding to the Feynman diagram in Fig. 3 left, can be parametrised
as
Af ≡ −i df u (p2) σµνqνγ5 u (p1) , (6.18)
where df denotes the fermionic EDM strength. Such amplitude is effectively provided by
the operator Omagγ in (6.5), as the vector resonances and quark partners are integrated out
from the physical spectrum, see Fig. 3 right. From (6.5)-(6.6) we have
df =
cmagγ
f
. (6.19)
Accounting for the form of cmagγ in each one of the above models, we obtain the following
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expressions
M4+5 :
∣∣∣∣dfe
∣∣∣∣ = ∣∣∣∣ √ξ4√2f [ηR (βLqψ − βRqψ)+ βLqu + ηL (βLuψ − βRuψ)− βRqu]
∣∣∣∣ ,
M4+14 :
∣∣∣∣dfe
∣∣∣∣ =
∣∣∣∣∣ 14f
√
ξ
2
ηR
(
βLqψ − βRqψ
)∣∣∣∣∣ ,
M1+5 :
∣∣∣∣dfe
∣∣∣∣ = ∣∣∣∣ √ξ4√2f (βLqu − βRqu)+ i (ξ − 2)4√2f η˜R (βLqψ + βRqψ)
∣∣∣∣ .
(6.20)
Associated EDM coefficients have been expanded till linear order for M4+5 and M4+14 in
the ηL(R)-small limit, assuming η˜L(R) small as well. By setting values for the parameters
and for the weighting coefficients in each model, one has the following phenomenological
bounds.
Phenomenological bounds
Using as values for the constituent quark masses mu = md = mN/3, the experimental limit
on the neutron EDM [48],∣∣∣∣dne
∣∣∣∣ < 2.9× 10−26 cm , at 90% CL , (6.21)
allows to set the following strong limits on the combination of the involved coefficients by
fixing the parameters as ηL = ηR = η˜L = η˜R = 0.3
7
M4+5 :
∣∣∣ξ (βLqu − βRqu + 0.3 (βLqψ − βRqψ)+ 0.3 (βLuψ − βRuψ)) ∣∣∣ < 2.1× 10−5 ,
M4+14 :
∣∣∣ξ (βLqψ − βRqψ) ∣∣∣ < 7.1× 10−5 ,
M1+5 :
∣∣∣√ξ [√ξ (βLqu − βRqu)+ 0.3 i(ξ − 2) (βLqψ + βRqψ)] ∣∣∣ < 2.1× 10−5 .
(6.22)
Fig. 4 displays some parameter spaces after scanning along ξ = {0.1, 0.2, 0.25} through the
previous inequalities and simultaneously holding two coefficients on per scan. Only three
parameter spaces out of the fifteen possibles in the ηL-small limit for M4+5 have been
gathered in Fig. 4 (top), whereas the single one for M4+14 and two out of the six available
for M1+5 have been displayed for briefness reasons in the bottom-left and bottom-center
and right respectively. Strongly constrained coefficients of the order O(10−4) are allowed,
with large opposite-sign contributions cancelling out among them and satisfying bounds
7Such assumption naturally arises in deconstructed CHM [49, 50], allowing to decrease the sensitivity
of the Higgs potential to the cutoff scale.
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Figure 4: Parameter spaces from the experimental neutron EDM limits in (6.22) for M4+5
(top), M4+14 (bottom-left) and M1+5 (bottom-centre and right). The parameters are fixed at
ηL = ηR = η˜L = η˜R = 0.3, while the scan over ξ = {0.1, 0.2, 0.25} has been performed. See
the text for details.
in (6.22). Peculiar situation occurs for M1+5, where the parameter space is precisely
constrained due to the imaginary component of the associated EDM-coefficient in (6.20)-
(6.22).
Calling for the experimental bound in (6.21), the parameters ηR, η˜R (and therefore η˜L
assuming η˜L ≈ η˜R) can be restricted via the EDM coefficients obtained in (6.20). Table 5
reports the allowed ranges for ξ = 0.1 and for different coefficient settings. Models M4+14
and M1+5 are disfavoured for any β-coefficients setting. Conversely, model M4+5 favours
a couple of tensors interfering oppositely with respect to the rest of tensors (3rd column).
In fact, at M4+5 favours the minimal ηR ≈ 0.30 and the maximal one ηR ≈ 1.0 in (6.8),
while achieving intermediate values of ηR ≈ 0.70 (4th column) or slightly exceeding the
predicted one when ηR ≈ 1.30 for the same model. At M4+5 one can thus infer the relation
yL = yR ≈ 0.7 g4 aside from those already pointed out in Table 4.
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Model βi = ±1
βi = · · · = βl = ±1
βm = βn = ∓1
Other combinations
M4+5
−
|ηR| ≈ 0.30 ηR ≈ 0.70
ηR ≈ 1.0
ηR ≈ 1.30
|ηR| . 1.1× 10−4
M4+14 − − |ηR| . 1.1× 10−4
M1+5 η˜R ≈ −1.77× 10−5 η˜R ≈ −1.77× 10−5 |η˜R| ≈ 0.16
Table 5: Allowed ηR and η˜R-ranges from bounds in (6.13) for ξ = 0.1, by setting the β-
coefficients at different values: ±1 all at once, ±1 by pairs while the rest at ∓1, and several
other combinations.
7 Comments on ρ and Ψ-production
The mass scale mρ of a new strongly-interacting sector can be set via searches for direct
production of resonances at the LHC. The dominant mechanis is via Drell–Yan processes
(see for example Ref. [51]). A class of theories motivated both theoretically and experi-
mentally is one in which the spin-1 resonance couples to light fermions only through its
mixing to the SM gauge fields [52] (see Ref. [53] for alternative possibilities). In this case
the Drell–Yan production cross section scales as 1/g2ρ, since couplings of the resonances to
the SM fermions are suppressed by 1/gρ. The strongest exclusion limits are currently set
by the LHC searches performed at 8 TeV with 20 fb−1 in final states with one lepton and
missing transverse energy [54] or dileptons [55, 56], looking for charged and neutral spin-1
resonances respectively. For values of ξ of order 1, searches for resonances decaying into
WZ, in particular those with three leptons in the final state [57,58], give slightly stronger
bounds. 8 Assuming the ρ to be a (3,1) of SU(2)L×SU(2)R, we translated the bounds on
(σ × BR) set by the experimental collaborations into a combined exclusion region in the
(ξ,mρ) plane.
Concerning the vector resonance production, the role of spin-0 and spin-1 resonances on
the PNGBs scattering were studied in [11]. Their experimental searches [56] were explored
for ξ = 0.1 in [31, 62, 63]. Recently, the impact of heavy triplet resonances at the LHC in
the final states l+l− and lνl (l = e, µ), τ+τ−, jj, tt¯ as well as on the gauge and gauge-
Higgs channels WZ, WW , WH and ZH, has been analysed (see [28,64,65] and references
therein), constraining the vector resonance mass in the range 2.1− 3 TeV.
On the other hand, the most stringent experimental constraints on Ψ4 and Ψ1 from
the direct searches had been derived in [66, 67]. In fact, by means of pair production
mechanism driven mostly by QCD interactions, rough limits on mX5/3 and mX2/3 were
respectively established as 800 GeV and 700 GeV. Experimental searches for the singly
8We find that the more recent searches for spin-1 resonances decaying to pairs of vector bosons with
boosted decay products [59–61] give less strong constraints.
22
produced partners [68] and searches for pair production into the bounds on singly produced
partners [23,69–71] have been considered. Additionally, the nineplet case has been analysed
yielding m9 & 1 TeV [72].
These bounds have been updated and refined following the latest ATLAS and CMS
results [73,74] . The search for the pair production of vector-like top quarks in final states
with exactly one lepton, at least four jets and high missing transverse momentum has
allowed to exclude masses below 870 GeV (890 GeV expected) and 1.05 TeV (1.06 TeV ex-
pected), for the singlet and doublet models respectively. The search was based on 36.1 fb−1
of
√
s = 13 TeV LHC pp collision data recorded by ATLAS in 2015 and 2016 (see [73] for
more details). CMS has recently analysed double production of vector-like quarks electri-
cally charged as 2/3 and −4/3, in pp interactions at √s = 13 TeV and decaying exclusively
via the bW channel. By comparing these limits with the predicted theoretical cross section
of the pair production, the production of the 2/3 and −4/3 electrically charged quarks is
excluded at 95% confidence level for masses below 1295 GeV (1275 GeV expected). More
generally, the results set upper limits on the product of the production cross section and
branching fraction to bW for any new heavy quark decaying to this channel (see [74]).
A complete study on the mechanisms and production channels for the vector resonances
and top partners in our framework is far from the scopes of the present work. It is post-
poned for a future analysis where the consequences and effects of the interplay ρ-Ψ will
be accounted. The flexibility entailed by the freedom of our set-up will be useful in deal-
ing with different possible final states concerning the charged and neutral physical vector
resonances, and all the physical states brought by the top partners scale as well.
8 Summary
In this work we have thoroughly explored the interplay among three matter sectors: ele-
mentary, top partners and vector resonances in a SO(5) composite Higgs Model. Such
interplay has been explicitly and completely parametrised through interactions of the vec-
tor resonance ρ, here assumed to be spin-1 triplets of SU(2)L × SU(2)R, coupled to the
SO(5)-invariant fermionic currents and 2nd rank tensors listed in Table 1, and provided
by the first time in this work. These invariants cover all the structures built upon the
SM elementary sector and the top partners permitted by the unbroken SO(4), here re-
stricted to the fourplet Ψ4 and singlet Ψ1 embeddings. Such matter content spans four
models in (3.2), coupled each of them to the ρ-resonance and subsequently scanned along
ξ = {0.1, 0.2, 0.25}.
The assumption of top partners and vector resonances demands two NP mass scales
M4(1) and mρ, below the cut-off of the theory. We consider the ansatz M4(1) < mρ to tackle
the low energy effects sourced by our interplaying set-up. Implementing ρ-EOM a priori
and Ψ-EOM a posteriori, we are led to obtain 4-fermion operators whose phenomenologi-
cal impact has been considered via flavour-dijet processes and EDM bounds. Parametric
spaces implied by the coefficients weighting the current and tensors were explored, con-
sequently allowing a rough O(10−3–10−4) and O(10−4) orders of magnitude respectively.
Such parameter spaces allow us to get an insight about the strength of the coefficients
that weight our interplaying structures, providing thus an accurate estimation for the EFT
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approach of top partner-vector resonances undertaken here. The strength of the Goldstone
symmetry breaking and the extra couplings brought by the top partner mass scales are
linked through the parameters η, here also estimated accordingly with theoretical expec-
tations. As an important remark, the scenario of opposite interfering currents and tensor
turns out to be the most favoured at models M4+5 and M4+14, as M1+5 and M1+14 lack of
the parametric freedom involved by the latter. Production channels for the top partners
and vector resonances were briefly commented and left for a soon future analysis accounting
for their interplay.
The tantalizing scenario of weak scale naturalness motivated us to model, parametrise
and explore the possible interplay that may occur among the elementary, top partners, and
vector resonances sectors, together with its low energy implications. These result should be
useful when dealing with EFT approaches beyond SM frameworks, specifically in coping
with new interaction that might underlie the existence of exotic matter content in our
nature, and potentially discovered at future high energy colliders.
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A CCWZ formalism
The SO(4) ' SU(2)L×SU(2)R unbroken generators and the broken ones parametrizing the coset
SO(5)/SO(4) in the fundamental representation are
(T aχ)IJ = −
i
2
[
1
2
εabc
(
δbIδ
c
J − δbJδcI
)
± (δaI δ4J − δaJδ4I)] , T iIJ = − i√
2
(
δiIδ
5
J − δiJδ5I
)
, (A.1)
with χ = L, R and a = 1, 2, 3, while i = 1, . . . , 4. The normalization of TA’s is chosen as
Tr[TA, TB] = δAB. The 4×4 matrices τa appearing in the bilinear fourplets at M4+5 and M4+14
in Table 1 are defined as [
T a, T i
]
= (ta)ji T
j . (A.2)
Gauging the SM subgroup of SO(5) requires us to introduce local transformations via U matrices
that will couple the SM gauge fields to the composite resonances. The CCWZ d and e symbols
are in order to do so
− U t[Aµ + i∂µ]U = daˆµT aˆ + eaµT a + eXµ (A.3)
where Aµ stands for GSM gauge fields
Aµ =
g√
2
W+µ T
−
L +
g√
2
W−µ T
+
L + g (cwZµ + swAµ)T
3
L + g
′ (cwAµ − swZµ) (T 3R +QX) (A.4)
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with T±χ =
(
T 1χ ∓ iT 2χ
)
/
√
2, the implied notation (cw, sw) ≡ (cos θw, sin θw), and the SM cou-
plings of SU(2)L and U(1)Y , g, g
′ respectively, where QX is the X-charge matrix. The defini-
tion (A.3) can be expanded in fields as
diµ =
√
2
f
(Dµh)
i +O(h3), eaµ = −Aaµ −
i
f2
(h
↔
Dµh)
a +O(h4), eXµ = −g′QXBµ , (A.5)
with Bµ the U(1)Y gauge boson. Covariant derivatives acting on the composite sector fields are
built out of e symbols. For the Ψ field transforming in the fundamental representation of SO(4)
one has
∇µΨ = DµΨ + i eaµtaΨ . (A.6)
The term /e = eµγ
µ is included in Lcomp to fully guarantee the SO(5) invariance. Strength field
tensors are straightforwardly introduced as
eµν = ∂µeν − ∂νeµ + igρ[eµ, eν ], eXµν = ∂µeXν − ∂νeXµ . (A.7)
Finally, the covariant derivatives Dµ associated to each one of the elementary fields as well to the
corresponding top partner are given by
Dµ qL =
(
∂µ − igW iµ
σi
2
− i1
6
g′Bµ − i gSGµ
)
qL , (A.8)
Dµ uR =
(
∂µ − i2
3
g′Bµ − i gSGµ
)
uR , (A.9)
DµΨ4 =
(
∂µ − i2
3
g′Bµ − i gSGµ
)
Ψ4 . (A.10)
with g, g′ and gS the SU(2)L ×U(1)Y and SU(3)c gauge couplings. Notice the gluon presence in
the last covariant derivative as the top partners form a color triplet.
B Fermion currents in SU(2)L × SU(2)R-components
All the fermion currents listed in Table 1 are provided here after the vacuum alignment and before
using the rotations that diagonalize the mass-matrices. In the SU(2)L×SU(2)R-components, we
have for the model M4+5
J µqL =
1
4
(
c+θ J µtLbL , −i c+θ J
µ
tLbL
, cθ J µtLtL − J
µ
bLbL
)
+ h.c. , (B.1)
J µqR = −
1
4
(
c−θ J µtLbL , −i c−θ J
µ
tLbL
, cθ J µtLtL + J
µ
bLbL
)
+ h.c. , (B.2)
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J µψL =
1
2
(
J µT B + J µX5/3X2/3 ,−i
(
J µT B + J µX5/3X2/3
)
,
1
2
(
J µT T − J µBB + J µX5/3X5/3 − J
µ
X2/3X2/3
))
+ h.c.,
(B.3)
J µψR =
1
2
(
J µX2/3B + J
µ
X5/3T ,−i
(
J µX2/3B + J
µ
X5/3T
)
,
1
2
(
−J µT T − J µBB + J µX5/3X5/3 + J
µ
X2/3X2/3
))
+ h.c.,
(B.4)
J µuψL = −J µuψR =
sθ
2
√
2
(
J µtRBR − J
µ
X5/3RtR
, −i
(
J µtRBR − J
µ
X5/3RtR
)
, J µTRtR + J
µ
X2/3RtR
)
+ h.c. ,
(B.5)
J µqψL =
1
4
(
c+θ J µtLBL − c−θ J
µ
X5/3LtL
+ 2J µTLbL , −i
(
c+θ J µtLBL − c−θ J
µ
X5/3LtL
+ 2J µTLbL
)
,
c+θ J µTLtL + c−θ J
µ
X2/3LtL
− 2J µBLbL
)
+ h.c. , (B.6)
J µqψR =
1
4
(
−c−θ J µtLBL + c+θ J
µ
X5/3LtL
+ 2J µX2/3LbL , i
(
c−θ J µtLBL − c+θ J
µ
X5/3LtL
− 2J µX2/3LbL
)
,
−
(
c+θ J µTLtL + c−θ J
µ
X2/3LtL
+ 2J µBLbL
))
+ h.c. , (B.7)
where each one of the currents above J µψφ are defined as
J µψχφχ = ψ¯χγµφχ χ = L, R (B.8)
with the coefficients
c±nθ ≡ cnθ ± 1, cnθ ≡ cos(n θ) (B.9)
For the case of M1+5, the currents J µq are the same as the first two in (B.1)-(B.2), whilst J µqψ
are
J µqψL ≡ J µqψR =
1√
2
(
iJ µT˜LbL , J
µ
T˜LbL , iJ
µ
T˜LtL
)
+ h.c. . (B.10)
For the model M4+14 we have
J µqL =
1
4
(
1
2
(cθ + c2θ + c3θ + 1)J µtLbL ,−
i
2
(cθ + c2θ + c3θ + 1)J µtLbL , cθ
(
c2θJ µtLtL − cθJ
µ
bLbL
))
+ h.c.,
(B.11)
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J µqR =
1
2
(
(cθ + c2θ + 1) s
2
θ
2
J µtLbL , −i (cθ + c2θ + 1) s2θ2J
µ
tLbL
, −cθ
2
(
cθJ µbLbL + c2θJ
µ
tLtL
))
+ h.c. ,
(B.12)
J µqψL =
1
4
(
i
(
c2θ
(
J µtLBL + J
µ
X5/3LtL
)
+ cθ
(
−2J µTLbL + J
µ
tLBL − J
µ
X5/3LtL
))
,
c2θ
(
J µtLBL + J
µ
X5/3LtL
)
+ cθ
(
−2J µTLbL + J
µ
tLBL − J
µ
X5/3LtL
)
,
i
(
cθ
(
−J µTLtL + J
µ
X2/3LtL
+ 2J µBLbL
)
− c2θ
(
J µTLtL + J
µ
X2/3LtL
)))
+ h.c. , (B.13)
J µqψR =
1
4
(
i
(
cθ
(
J µtLBL − 2J
µ
X2/3LbL
− J µX5/3LtL
)
− c2θ
(
J µtLBL + J
µ
X5/3LtL
))
,
cθ
(
J µtLBL − 2J
µ
X2/3LbL
− J µX5/3LtL
)
− c2θ
(
J µtLBL + J
µ
X5/3LtL
)
,
−i
(
cθ
(
−J µTLtL + J
µ
X2/3LtL
− 2J µBLbL
)
− c2θ
(
J µTLtL + J
µ
X2/3LtL
)))
+ h.c. (B.14)
where the currents J µψ are already listed as the third and fourth one in (B.3)-(B.4). Finally, the
single currents for the model M1+14, e.g. J µq , correspond to the first two in (B.11)-(B.12).
C η-large limit and OuL uR & OuR dL
Higher order terms become relevant when the parameters ηL(R) and η˜L(R) are large. This case
has rather long expressions for the Wilson coefficients in Table 3. The parameter spaces become
wider as more operator coefficients play a role in them. The 4-fermion operators in (6.9) emerge
at O(η3) and O(η4)-order for M4+5 and M4+14 respectively, having the corresponding Wilson
coefficients
cuL uR =
ξ
4
ηL
(
ηL ηR − M1
M4
η˜L η˜R
)(
αLq α
L
uψ + α
R
q α
R
uψ
)
,
cuR dL = −
ξ
4
ηL
(
ηL ηR − M1
M4
η˜L η˜R
)(
αLq α
L
uψ − αRq αRuψ
)
,
(C.1)
at M4+5, and
cuL uR =
ξ
2
η2L
(
M1
M4
η˜R + ηR
)2 [
αLψ α
L
q + α
R
q α
R
ψ
]
,
cuR dL = −
ξ
2
η2L
(
M1
M4
η˜R + ηR
)2 (
αLψ α
L
q − αRq αRψ
) (C.2)
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Model αi = ±1 αi = αj = ±1, αk = αl = ∓1
M4+5 |η˜L| = |η˜R| ≈ 0.42 |η˜L| = |η˜R| ≈ 0.42
M4+14 −0.61 ≤ η˜L, η˜R ≤ −0.58 −0.61 ≤ η˜L, η˜R ≤ −0.58
Table 6: Allowed η-ranges from dijet bounds in (6.17) and by setting α-coefficients at 1 for
ξ = 0.1 only, and assuming the scenario ηL = ηR and η˜L = η˜R, by fixing ηL = 0.3 accordingly
with the minimal inferred value in (6.8).
at M4+14. By imposing the bounds in [41] on the operator OuL uR , and additionally setting
ηL = ηR = η˜L = η˜R = 0.3, together with M4 ∼ 2M1, a rough order of magnitude of 10−1
is obtained for the coefficients α’s, entailed by the extra suppression from the higher η-powers.
Table 6 reports allowed η-ranges by assuming the scenario ηL = ηR and η˜L = η˜R, with ηL = 0.3
following the minimal value in (6.8). Different coefficient’s settings as the ones provided yield a
constant value for the corresponding Wilson coefficients.
D Top partners EOM
For a heavy top partners mass scenario the corresponding fields may be integrated them out
from the physical spectrum, via their associated EOM. Concerning the M4+5 and M1+5 models
altogether, and after diagonalizing the mass terms at Lcomp +Lmix in (5.5)-(5.6) to the physical
sector, we can obtain the following field redefinitions for the left handed components as
TL → −ξ
4
ηL
η2L + 1
tL , X5/3,L → 0 , T˜L →
√
ξ
2
η˜L(
η˜2R + 1
)√
η2L + 1
tL ,
BL → 0 , X2/3,L →
ξ
4
ηL√
η2L + 1
tL ,
(D.1)
while for the right handed components one obtains
TR →
√
ξ
2
ηR(
η2L + 1
)√
η˜2R + 1
tR , X5/3,R → 0 , T˜R → −
ξ
2
η˜R
η˜2R + 1
tR ,
BR → −η˜R bR , X2/3,R → −
√
ξ
2
ηR√
η˜2R + 1
tR .
(D.2)
where the parameters ηL(R) are defined through
ηL(R) →
yL(R)f
M4
≡ yL(R)
g4
, η˜L(R) →
y˜L(R)f
M1
≡ y˜L(R)
g1
(D.3)
and the definition in (6.7) has been used. Likewise, from the Lagrangians in (5.8)-(5.9), field
redefinitions from M4+14 and M1+14 for the left handed components as
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TL → −5 ξ
4
ηL
η2L + 1
tL , X5/3,L → 0 , T˜L → −
√
2 ξ√
η2L + 1
(
η˜L − η˜2R −
M4
M1
ηRη˜R
)
tL ,
BL → −ξ
2
ηL
η2L + 1
bL , X2/3,L →
3 ξ
4
ηL√
η2L + 1
tL ,
(D.4)
while for the right handed components one obtains
TR → −
√
2 ξ
√
η˜2R + 1
η2L + 1
ηL
(
M1
M4
η˜R + ηR
)
tR , X5/3,L → 0 , T˜R → −η˜R tR ,
BR → −η˜R bR , X2/3,R → 0 .
(D.5)
with the coefficients η similarly defined as in (D.3), but with the associated Yukawa couplings y
and y˜ corresponding to those for the M4+14 and M1+14 models.
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